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Edge-Oriented Uniform Intra Prediction

Dong Liu, Xiaoyan Sun, Member, IEEE, Feng Wu, Senior Member, IEEE, and Ya-Qin Zhang, Fellow, IEEE

Abstract—We propose an intra prediction solution to
block-based image compression. In order to adapt to local image
features during intra prediction, we consider the distinct image
singularities within the model of piece-wise smooth functions. With
such singularities, i.e., edges in this paper, intra prediction can be
performed by solving Laplace equations. Moreover, since edges
exhibit spatial correlations, we design a rate-distortion optimized
method for edge extraction and edge coding. Our edge-oriented
intra prediction thus consists of the prediction of smooth regions
as well as the prediction of edges. We compare our intra prediction
with that in H.264 and achieve superior performance. Our intra
prediction can also be integrated into a block-based image coding
scheme, which is comparable to JPEG2000 in terms of objective
quality. An important advantage of our intra prediction is the im-
provement in visual quality at low bit-rate due to the preservation
of edges.

Index Terms—Edge extraction, image compression, inpainting,
intra prediction, Laplace equation.

. INTRODUCTION

NTRA prediction is an important technique in image and
video compression to exploit spatial correlation within one
picture. The idea of intra prediction can be traced back to the
well-known DPCM coding [1] and the DC prediction in JPEG
[2]. But it was formally named recently, accompanied with the
state-of-the-art video coding standard MPEG-4 AVC/H.264 [3].
To be specific, intra prediction in H.264 is the spatial predic-
tion of pixel values, which can be adopted in both intra and
inter picture coding as the counterpart of temporal prediction -
motion compensation. Within the block-based architecture, en-
coder and decoder can both estimate the current block based on
spatially neighboring reconstructed blocks. Therefore, only the
differences between estimated and real pixel values need to be
transmitted, known as residues. Residues are then transformed,
quantized, and entropy coded to form the final bit-stream.
Since pictures exhibit locally variant features, it is difficult
to predict one block from its spatial neighbors. Intra predic-
tion should adapt to the local features to improve the predic-
tion accuracy. In H.264, several prediction modes are designed
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Fig. 1. Intra prediction modes for 4 4 blocks in H.264.

for this adaptation. As shown in Fig. 1(a), there are eight di-
rectional modes plus the DC mode for one 4 x 4 block. An ex-
emplar directional mode is shown in Fig. 1(b). Boundary pixel
values marked by A-M are copied and pasted into the 16 pre-
dicted pixels along a specified direction indicated by the mode,
followed by a low-pass filtering (not shown in the figure). Intu-
itively, each directional mode can deal with blocks that display
the same dominant direction in their pixel values. Thus, for each
block, encoder can choose one mode that matches its directional
feature, and signals the choice to decoder. In practice, rate-dis-
tortion optimization is widely adopted to select the mode.

It is arguable whether the directional modes in H.264 are ef-
ficient enough for accurate prediction. Some other intra predic-
tion methods have been proposed in the literature. For example,
sometimes the image blocks feature no direction but rather have
repeated patterns. Running motion estimation and compensa-
tion within one picture can handle such blocks as proposed in
[4]. In that case, the auxiliary information for intra prediction is
the motion vectors instead of directional modes. Another ex-
ample is template matching for intra prediction, which is in-
spired by the texture synthesis works and thus is able to handle
regular textures [5].

This paper proposes an intra prediction method that is uni-
form since the prediction strategy is unique instead of different
modes, and adapts to local image features. Our considered
image feature is the singularities, also known as edges or
boundaries. The underlying assumption is that images can be
described by piece-wise smooth functions, thus, the prediction
consists of two parts. The first is how to predict each smooth
piece, and the second is how to predict the singularities. We
use the well-known Laplace equation to predict the smooth
image regions, while we design an edge estimation method to
efficiently predict and code the edges.

Compared to the intra prediction in H.264, we utilize edges
instead of the directional modes. Since edges represent distinct
image structures, they also often correspond to the local di-
rectional features within small blocks. But several differences
are noticeable. First, directional features do not always corre-
spond to edges, i.e., they do not assure the correct descriptions
of image singularities, whereas the latter is of great interest in
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our work. Second, edges can be in arbitrary shapes, and can
be extracted during the compression, which makes edges more
flexible compared to the predefined several modes. Third, we
further consider the efficient coding of edges by means of edge
prediction; in other words, the auxiliary information for predic-
tion is also predictable; though in H.264 the modes are also pre-
dictively coded, they lack the immediacy as that of edges.

Indeed, the utilization of edges is widely accepted in image
compression. First proposed by Kunt et al. [23], decomposing
image data into contours and textures has been a common
strategy. For example, sketch-based image coding [24] extracts
both geometry and intensity information of edges, based on
which it interpolates a so-called sketch image, and then codes
the difference between the original and sketch images. An
extension of this technique is reported in [25] and [26], where a
three-component image model is proposed that splits the image
into edge, texture, and smooth components. All these works
are inspired by the human vision system (HVS) characteristics
and target at the improvement of perceptual quality. Recent
work that is most similar to ours is presented in [27], which
also integrates edges into intra prediction. Note that in our
method we adopt Laplace equations as the basic tool of intra
prediction, and we allow edges to be in arbitrary shapes instead
of only straight lines. Accordingly, the edge coding becomes
quite different from that in [27].

We would also like to point out the relations between our pro-
posed intra prediction and the image inpainting problem. Gener-
ally speaking, inpainting fills-in a specified image region based
on the information provided by its spatial neighbors. Therefore,
the existing inpainting methods are ready to be utilized by intra
prediction. A great category of inpainting works has been con-
structed on the piece-wise smooth image functions. As shown
by impressive results, high-order partial differential equations
(PDEs) can predict smooth regions as well as some special sin-
gularities, such as straight line edges or parabolas [6]-[8]. In
our work, we consider the singularities independently from the
smooth regions. As a result, a simple PDE, the Laplace equation
is adopted as the prediction method for pixel values. Since we
also consider the prediction of edges, our approach is more gen-
eral and capable in handling irregular singularities efficiently.

Our presented intra prediction method will be detailed in
Sections Il and Il1. Section Il shows the prediction of smooth
regions given the extracted edges. Section Il discusses how
the edges can be predicted and coded accordingly. Section IV
presents some experimental results. Section V concludes this
paper and outlines intended future work.

Il. INTRA PREDICTION WITH EDGES

In this section, we consider the intra prediction problem with
the assumption that distinct singularities have been extracted
by any means. Commonly, we represent such singularities as
edges with one-pixel width, which divide the image into smooth
pieces.

Some notations are illustrated in Fig. 2. Let I be the image
definition domain, which is divided into non-overlapped blocks.
When coding the current block, its spatial neighbors above it and
to its left have been reconstructed at both encoder and decoder
(colored white and light-gray). Our proposed intra prediction
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Fig. 2. Notations for intra prediction with edges.

works as follows. The current block is divided by edges into sev-
eral regions, which are processed one by one, in either sequen-
tial or parallel manner. For each region €2 (colored dark-gray),
its boundaries are checked, and those located in reconstructed
image are marked as 902 (colored light-gray). If 9Q is empty,
the region will be filled-in with a default color (e.g., gray-level
128); otherwise, the pixel values in this region, i.e., f defined
on Q in the figure, will be generated by a Laplace equation ac-
cording to f* defined on 0X). At last, the pixels on the edges are
generated by a Laplace equation according to the already gen-
erated smooth regions.

The continuous form of the Laplace equation reads

of
ot Af

where A = (9%)/(02?) + (0?)/(0y?) is known as the Lapla-
cian operator. Given a specific initial state, e.g., f(9), the Laplace
equation evolves in time with generating a series of f(*) for
t > 0. As shown in [9], in continuous case the solver is essen-
tially convolving the initial state with a Gaussian kernel with
variance ¢

@)

fO=f0ea,. &)
This relation reveals the isotropic nature of the Laplace equa-
tion, which also demonstrates that the Laplace equation is ca-
pable in generating smooth regions. In practice, the PDE form
(1) is preferable than the filtering form (2) due to the automatic
decision of ¢. Specifically, the discrete form of (1) is

FED = ;O 4 OAHD 1 =0,1,2,... ®)
Until convergence, i.e., || f(7t1) — f(7)|| less than a threshold,
the state f("+1) is regarded as the solution. Note that ¢(*) as
the step size can vary in iterations but should only ensure the
convergence.

Now turn to the realization. Due to our settings (cf. Fig. 2), a
Laplace equation for the region §2 may not have proper boundary
conditions. On the one hand, the pixels on the edge are not avail-
able yet, indeed, they will be generated after all smooth regions.
On the other, if the boundary is located in not-coded blocks,
i.e., the blocks to the right or below the current, the boundary
is not available either. As mentioned above, only the available
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boundaries are marked as 02, then f* defined on 99 is posed
as Dirichlet boundary condition. Moreover, the Laplacian is re-
defined to exclude the unavailable boundaries. To that end, we
need an indicator function that evaluates 1 for available pixels
and 0O for unavailable ones. Such an indicator can be defined as

_ 1, if (z,y) € QUIQ
x(z,y) = {07 otherwise.

Then, the Laplacian can be estimated by

> x5 = fe,y)  6)

(i,j)€H4 (x,y)

(4)

Lf(z,y)=

where p4(z, y) involves the four neighboring pixels of (z, %). In
this manner, we solve the pixel values f only based on the avail-
able boundaries f*. Note that the above discussion is for the
smooth regions. As for the pixels on the edges, also a Laplace
equation is solved, but the already generated smooth regions are
regarded as available, and posed as Dirichlet boundary condi-
tion.
By setting the step size to
)

>

(4,5)Epa(z,y)

C(t)(.’ll'7y) = c(:p./y) = ( X(Lm/))

we get the final evolution

>

(i,j)€u4(m,y)

also known as the Jacobi iteration. If the pixels in one region
are processed in scan-line order, the former pixels can be up-
dated, i.e., f®(z — 1,y) and f®(z,y — 1) can be replaced
by f*D(x —1,y) and ¢+ (z,y — 1), respectively, so as to
accelerate the convergence. This is known as the Gauss-Seidel
iteration.

The Laplace equation (1) has been investigated for a long time
since it relates to the heat conduction or diffusion problem. It
also finds physical or geometrical interpretations in many com-
puter vision or image processing scenarios. A lot of anisotropic
variants of the Laplace equation can be found in [9]. As for intra
prediction, the application is not found yet, to our best knowl-
edge. Since the Laplace equation cannot predict any singulari-
ties, in the context of image inpainting, many PDEs have been
designed to replace (1), which are often of high-order and time-
consuming [6]-[8]. However, in our scenario, the singularities
have been extracted and represented independently, thus, the
Laplace equation works properly for the prediction of smooth
regions.

Another noticeable issue is that neither the Laplace equa-
tion (1) nor advanced PDEs can predict the textural oscillations
in images. In this sense, our proposed intra prediction can be
a complement to the methods proposed in [4] and [5], which
mainly target the prediction of textures.

I11. EDGE EXTRACTION AND CODING

With the available prediction method for smooth regions, the
problem now is how to extract and record image singularities.
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Fig. 3. Example shows that edge extraction and coding can be jointly con-
sidered to achieve the rate-distortion optimization.

Within the image model of piece-wise smooth functions, the sin-
gularities are generally understood as edges or boundaries [10].
There has been excellent research on the extraction, represen-
tation, coding, or other manipulations of edges. For example,
many mature tools are provided for edge detection [11]. As for
coding, chain codes are classic [12], whereas binary map coding
is also widely adopted [13], [14]. It is possible to directly utilize
these methods in our proposed intra prediction. However, from
the compression point of view, such separate processes, i.e.,
edge extraction followed by coding, are not efficient in terms
of coding.

Since edges act as the auxiliary information for the intra pre-
diction in our approach, the correlation between edges can be
exploited from the perspective of prediction accuracy. Fig. 3 de-
picts our observation. According to edge detection, the real edge
is shown as the solid line, part of which has been coded with the
previous blocks. Generally, to code this edge requires the anal-
ysis of its geometrical properties. Due to the spatial continuity of
the edge, encoder and decoder can each predict the current edge
piece based on the coded piece. An exemplar predicted edge is
shown as the dot line. Coding the difference between the pre-
dicted and the real edges often costs fewer bits.

But the story goes further. If we directly use the predicted
edge in the intra prediction, it virtually costs no bits for the edge,
while the prediction accuracy would likely decrease, residues
cost more bits or incur more distortion. In terms of the minimum
rate-distortion cost that involves both edges and residues, the
best edge may turn out to be neither the real nor the predicted,
as the dash line depicts in Fig. 3. This example shows that the
prediction efficiency judges the quality of edges, which is the
difference from previous edge coding work.

Moreover, two other examples are illustrated in Fig. 4. In
(a), there is one real edge crossing the corner of the current
block. Due to the edge, Laplace equation is not applicable to
the bottom-right region (colored dark-gray). Such edge can be
erased to let the block be entirely generated by the Laplace equa-
tion, which may provide an even better prediction. For another
example, even there is no real edge in (b), we can still impose
an imaginary edge and divide the block into different regions,
S0 as to generate them independently. Actually, the cases shown
in Fig. 4 can be viewed as remedies for the edge detection, since
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TABLE |
EDGE PREDICTION ALGORITHM

Step 1. Identify the case. Find the coded edges that stop at the boundaries of
the current block. If no such edge exists, go to Step 3.

Step 2. Case 1: Elongate a coded edge. If more than one coded edges were
found, choose the one with the maximum average gradients. Elongate the
chosen edge in straight line. Halt.

Step 3. Case 2: Imagine an edge.

3.1 From the boundaries of the current block, choose one pixel that has the
maximum gradient;

3.2 From the eight neighbors of the pixel found in 3.1, choose the one that has
the minimum difference from it;

3.3 Draw a straight line across the two pixels found in 3.1 and 3.2, respectively.
Halt.

TABLE 11
FOUR MODES IN EDGE ESTIMATION
Mode Description Remark
index
0 Use NONE edge.
1 Use REAL edge. Edge (a binary map) coded
Code REAL edge. by JBIG. *
2 Use PREDICTED edge.
Use REAL edge. . .
3 Code the difference between REAL lefc):ren:i:e ;ZSS%SI%“%W
and PREDICTED edges. map) coded by JB .

*For technical details of JBIG, we refer to [13]. Our adopted realization is
that in [28].

"Both real and predicted edges for one block are regarded as binary maps,
thus, their difference is equivalent to their pixel-wise exclusive-OR (XOR),
then also a binary map. At decoder, after the generation of predicted edge and
decoding of the difference, the real edge is the pixel-wise XOR of predicted
edge and difference.

TABLE 1l

TEST CONDITIONS FOR COMPARISONS WITH H.264 INTRA PREDICTION (RESULTS IN TABLE 1V)

Item Comparison 1 Comparison 2 Comparison 3
Coding methods | 16x16 16x16 4x4 and 16x16
Only ours Both ours and | Both ours and
Prediction ool H.264 H.264
methods ) VS. VS.
Only H.264 Only H.264 Only H.264

Mode selection Rate-distortion optimization (RDO) ON

Quantization 36, and 42

Fixed quantization parameter (QP) at four levels: 24, 30,

Entropy coding | Variable length coding (VLC)

Fig. 4. Two examples show that edges can be erased or added to provide better
predictions.

edge detection tools are difficult to tune and not robust for var-
ious images.

We can draw an analogy between the edges for our proposed
intra prediction and the motion vectors for temporal prediction
in video coding. The analogy inspires us to design a rate-distor-
tion optimized algorithm for simultaneous edge extraction and
edge coding, termed edge estimation. As shown in Fig. 3 by the
dash line, the best edge is implicit information that can be dif-
ferent from the real edge or the predicted one. However, in prac-
tice, such a best edge is difficult to demonstrate. We can enu-
merate all possible edge configurations but the computational
complexity may not be affordable. Thus, we have restricted the
edge for prediction to be either the real one, or the predicted
one, or none. Besides, the prediction of edges can also be di-
verse, whereas we only consider the simplest case—prediction
of straight lines.

The edge estimation algorithm works as follows. Before the
image is coded block by block, an edge detector is adopted on
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TABLE IV
COMPARISON RESULTS WITH H.264 INTRA PREDICTION (TEST CONDITIONS IN TABLE I11): SELECTED PERCENTAGE OF OUR INTRA PREDICTION (QP Is 42),
AND AVERAGE PSNR IMPROVEMENT (QP FROM 24 T0O 42)

Image Size Comparison 1 Comparison 2 Comparison 3

Mode selected | PSNR gain (dB) | Mode selected | PSNR gain (dB) | Mode selected | PSNR gain (dB)
Cameraman 256x256 100% (forced) | 0.307 44.9% 0.504 12.9% -0.007
Foreman 352x288 1.192 57.8% 1.478 34.6% 0.161
Barbara 512x512 0.171 54.6% 0.341 28.8% 0.038
Boat 0.058 49.5% 0.236 27.3% 0.023
Jet 0.011 43.8% 0.451 21.6% 0.036
Lena 0.090 46.1% 0.393 28.0% 0.044
Mandrill 0.098 64.6% 0.188 28.0% 0.020
Milk -0.307 28.1% 0.458 20.1% 0.013
Peppers 0.193 49.0% 0.420 26.7% 0.048
Monarch 768%x512 or 512x768 0.844 52.6% 1.055 30.4% 0.074
Kodim03 0.426 41.8% 0.734 27.0% 0.099
Kodim07 0.068 46.0% 0.536 19.1% 0.043
Kodim10 0.143 41.8% 0.444 25.6% 0.029
Kodim12 -0.085 33.7% 0.293 23.4% 0.065
Kodim15 -0.113 37.6% 0.384 25.7% 0.021
Kodim17 0.227 50.3% 0.435 31.3% 0.055
Kodim20 0.077 29.4% 0.465 14.8% 0.001
All 24 images in the Kodak image library 0.036 45.1% 0.321 25.8% 0.033
(768%512 or 512x768)

Fig. 5. Visual quality comparisons between our intra prediction and the directional one in H.264. The top row shows Foreman (partial) and the bottom row shows
Monarch (partial). Results are gotten at QP equal to 42; test conditions are shown in Table 111 for Comparison 3. From left to right: The coded edges; our intra
prediction results (only selected blocks are shown whereas others are blacked out); reconstructed image with our intra prediction; and reconstructed image without
our intra prediction. Note the visual quality improvement of the selected blocks in the reconstructed images.

the entire image [15], followed by an edge thinning process that
condenses the edge pixels into simple curves with one-pixel
width [16]. For each block, encoder and decoder will predict an
edge according to the edge prediction method, which is listed
in Table I. After that, encoder will try the four modes listed in
Table 1l; choose the mode with the minimum rate-distortion
cost

Jji= i+ & 1=0,1,2, €))
where i indicatesthe mode. ; isthe coding distortion, measured
by sum of squared differences (SSD) between the reconstructed

and the original image block, ; is the coding bits for edges
and for residues, and is a Lagrange multiplier. In practice,
is set according to quantization step [29]

=c ? 9)
where ¢ is a constant. The chosen mode will be signaled to
decoder. When mode index equals 1 or 3, the JBIG codes are
also included in the bit-stream (cf. Table II). And residues
are normally transformed and coded.
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